Introduction.
Metallic alloys, when reinforced with long or short fibres, whiskers or particles, offer potentials for significant improvements in mechanical performance in comparison with conventional alloys. This class of materials is called "Metal Matrix Composites" (MMC) and has been under development for more than 20 years. The first applications have concerned the aerospace domain and are now followed by applications in other industries.
Thble 1 compares typical mechanical properties in the two types of materials (reinforced and unreinforced). Table I . -Mechanical properties of an aluminium based composite compared with those of the monolithic alloy [1] .
The properties of MMC are determined by a complex interplay between, the interface behaviour and the microstructural characteristics of materials. The ability to transfer the applied loads from the matrix to the fibres depends on the bonding interface between them. In consequence, the matrix composition has to be selected on the basis of its interaction with the reinforcement.
Metal Matrix Composites have several advantages over the matrix alloys, such as higher stiffness and strength, but they suffer from lower fracture toughness. Many different mechanisms have been discussed in order to explain the MMC behaviours; they include the matrix and interfacial precipitations, the enhanced dislocation density associated with residual stresses generated during cooling from the processing temperature as a result of the thermal expansion mismatch between the components of the composite.
These mechanisms are often operated as a consequence of the processing techniques. They have been recently reviewed [2, 3] first, the molten metal processing which offers the widest range of variations. One of them is the standard squeeze casting method: molten metal is squeezed into a preform composed of an agglomeration of short fibres using a hydraulic press; secondly, the powder processing (PM) involving densification and shaping of mixtures of the matrix alloy and the reinforcing phase into a powder and then to consolidate them after mixing.
thirdly, the spray deposition processing which is a recent process: both matrix and reinforcement are projected with an inert carrier gas into a plasma jet inside a low-pressure chamber.
Indeed the processing choice may be important for the possible interfacial reaction or segregation between fibres and matrix especially in the case of molten metal processing [4] [5] [6] [7] [8] . This results in a variation of the alloy concentration in the matrix and then degrades the age-hardening characteristics of composites [9] [10] [11] [12] [13] . In many pratical cases, the composition of the matrix of MMC is the same as the one used for unreinforced aluminium based alloys. Classical (Fig. lb) .
Longitudinal observation shows evidence of many stacking faults in the (111) planes perpendicular to the growing axis. These faults modify the crystalline planes sequence, introducing hexagonal slices inside the cubic structure. The {ll2} side faces are rough because of small facets on {111} planes due to the presence of inclusions at the core of the whiskers [15] (Fig. 2 ). 6 alumina fibres: are mainly short fibres. Their diameter varies from 5 to 25 Mm and their length is lower than 50 03BCm. An addition of 5wt% of silica allows to stabilize the b crystalline structure of A1203 fibres. But X-ray diffraction studies of 6 alumina fibre preforms indicate the presence of small amounts of y and a alumina. TEM cross section observation gives evidence of a monocrystalline sleeve on some fibres (Fig. 3a) . It can be observed on the longitudinal view of figure 3b (A). Electron diffraction pattern allows us to identify it as pure -y alumina. The axial part of the fibre (B) is composed of small grains of alumina, less than 50 nm in diameter, with amorphous silica segregated at the grain boundaries, inhibiting the coarsening of the grains. Figure 4 shows microcrystallites on the side of the alumina fibre, allowing a good mechanical bonding between the ceramic and the matrix.
Mullite: short fibres of mullite have an average diameter of 10 03BCm ( Fig. 5a) [16] .
When increasing alumina content, the development of superstructure reflections is observed in the diffraction pattern and a 2s vector may be defined as joining the satellite reflections in the {h01} net (see satellites noted "e" in Fig. 5b ). Cameron [16] showed that the magnitude of the s vector is related with the x value.
The average value of the experimental ratio Al/Si measured by EDS with a probe size covering several grains in the fibres is about 3, from which a x value equal to 0.25 (60 mole% A1203) can be deduced. Such a value corresponds to the practical 3:2 mullite.
A more local analysis, at the grain size probe, -0.2 03BCm in diameter, either by diffraction or by EDS allows to observe heterogeneities in the composition. This is illustrated in figure 5 where the composition of the fibre corresponds to an aluminous mullite with x = 0.57 i.e. 75 mole% Al203. Moreover a streaking effect appears on satellite spots, which is coherent with the previous value, according to a diffraction work [16] . This streaking can be explained by a finely twinned structure of mullite [17] . indicates that these precipitates are intermetallics containing silicon, copper, manganese and iron.
For the composites reinforced with short S alumina or mullite fibres, we have increased the annealing time at 808K: 50 h for mullite and 120 h for 6 alumina, to promote further interface reactions and easier identification of the precipitates which are formed along the interface. Table II gives the main features of the materials examined in this study. (Fig. 7a) .
This result can be confirmed by EELS measurements by comparing different spectra from different part of the material: inside the fibres, at the interface and in the matrix (Fig. 7bl) respectively. In spite of the signal / noise ratio in this part of the spectra, a distribution corresponding to the magnesium K edge is systematically observed only at the interface in agreement with EDS measurements. It was not possible to determine the chemical composition of the interfacial precipitates due to the probe size (20 nm) compared to the width of the interface.
In the composite elaborated by powder metallurgy, magnesium is not detected at the interface (Fig. 7b2) (Fig. 8a) .
A microprobe investigation has been performed for a fibre crossing in order to confirm this result (Fig. 8b) . The average magnesium content observed in a fibre of 25 pm is about 3wt% whereas the magnesium content in the matrix is less than O.lwt%, a tenth of the nominal content. No magnesium can be detected on the as received 6 alumina fibres (Thb. III). In this composite, all the magnesium appears to have diffused from the matrix to the fibres (Fig. 8b) . Thus no residual magnesium remains in the matrix to precipitate Mg2Si, which is considered as the structural hardening mechanism of the material. This is confirmed by the associated diffraction pattern where no streak characteristic of Mg2Si precipitation in the matrix along the (100) directions on a (001) zone axis was observed [11, 18] .
In order to enhance the degradation of the fibres by the alloying elements of the matrix, we have studied the case of MMC 6061 matrix / 6 alumina fibres heated at 808 K for 120 hours. A very deep modification of the fibre microstructure is observed (Fig. 9a) . The part corresponding to small grains of 6-alumina is changed in a finely dispersed structure (Fig. 9b) . The location of tubular monocrystalline domains remains visible, but spots in the diffraction pattern (Fig. 9d (Fig. 9c) (Fig. lOb) , but magnesium does not penetrate to the fibre core.
The size of the crystals in the reaction zone after 50 hours (Fig. 10a) , is sufficient to determine their composition by EELS quantification [26] as MgAl204 (Fig. 10d) . That is in good agreement with the identification deduced from microdiffraction patterns (Fig. 10a) .
X-ray maps (spot size 5 nm) showing magnesium, aluminium and silicon repartition confirm this magnesium enrichment along the interfaces, on a distance varying from 0.1 to 0.2 03BCm. (Fig. 10c) . 4 . Discussion and conclusion.
The liquid metal processing of MMC involves significant segregations during the solidification of the matrix [19, 20] . Alloying elements in the melt are swept on the solidification front. At the end of the solidification, the alloy-enriched residual liquid originates intermetallic particles. As a result, these coarse, brittle particles reduce ductility and toughness; they also change the interface behaviour if the final solidification takes place at the fibre / matrix interface.
As shown in figure 6a, intermetallic particles are present at the intersection of grain boundaries with the reinforcement / matrix interface. Such a result can be explained by a nucleation of solid germs out of the reinforcement surfaces (Fig. 6b) . The surface tension on the solidification front is responsible for the confining of alloying elements in the form of peak-shape segregation. As a consequence, a sufficient time of high temperature treatment is essential to dissolve them, but possible interfacial reactions can also be enhanced during this heat treatment. Such a disadvantage would be reduced in cleaner alloys. Indeed the presence of special additional elements which are grain-growth-inhibiting elements in conventional alloys are not required. Nevertheless, alloying elements which are responsible of structural hardening must be conserved. As presented in figure 1 , the grain size in the matrix is controlled by the reinforcement itself and not by dispersoid particles. On this subject, the increase of yield stress in DMMCs is partially understood by the reduced grain size in the matrix according to the Hall-Petch law.
All the observations at the fibre-matrix interfaces for all the studied composites, except the SiC whiskers / 2024 alloy elaborated by powder metallurgy, exhibit an important interaction between the magnesium, initially alloying element (1.5% for 2024 alloy and 1% for 6061 alloy) and the various types of fibres.
For all the materials elaborated by squeeze casting, the interaction between the magnesium and the fibres is initiated during the processing when the aluminium alloy is still liquid. Magnesium diffuses from the matrix to the fibres where the solidification ends. As a consequence, a reaction occurs between the magnesium trapped near the fibres and the fibres constituents, especially the silica present in the fibre or laying at its periphery [4, 21] . silica [24] according to the reactions:
The MgA1204 spinel observed in figure 9 seems to be a consequence of the reaction (2) . Indeed this reaction is energetically more favorable [24] for low content mangesium alloys, which is our case (1.5wt% Mg in 2024 alloy and lwt% Mg in 6061 alloy) [22, 23] . The presence of magnesium oxide instead of monocrystalline alumina is due to a direct reduction of alumina according to the reaction (3) . This reaction provides some native aluminium which diffuses in the other parts of the fibre where it may contribute to the reaction (2) .
In some 8 alumina fibres, just after T6 treatment, we observed that the magnesium has diffused inside the whole fibre (Fig. 8) , even to the core. Such a reaction can be surprising since by considering previous results [20] . It can be attributed to problems occuring during processing, probably preform overheating or to too long exposures to the liquid phase.
For the mullite / 6061 alloy, the reaction seems to take place between the magnesium and the external zone of the fibres. The main interfacial reactions is the mullite reduction by magnesium 
